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We report that a droplet dispensed from a micropipette almost always has a considerable electrical charge of 
a magnitude dependent on the constituents of the droplet, on atmospheric humidity and on the coating 
material of pipette tip. We show that this natural electrification of a droplet originates from the charge 
separation between a droplet and pipette tip surface by contact with water due to the ionization of surface 
chemical groups. Charge on a droplet can make it difficult to detach the droplet from the pipette tip, can 
decrease its surface tension, can affect the chemical characteristics of solutions due to interactions with 
charged molecules, and can influence the combination and localization of charged bio-molecules; in all 
cases, the charge may affect results of experiments in which any of these factors is important. Thus, these 
findings reveal experimental parameters that should be controlled in experiments that use micropipettes. 



Micropipettes that dispense an adjustable volume of liquid from a disposable tip are commonly used in 
medicine, biology, chemistry, and microfluidics 1 " 3 . Despite their frequent use in many scientific and 
engineering fields, the fact that a micropipette almost always dispenses charged droplets is seldom 
recognized. Pipette tip manufacturers have only reported that the static charge caused by the triboelectric effect 
between pipette tips and their rack can cause the tips to adhere to a robotic instrument's head in automated 
systems 4 . Recently, our group observed the presence of charge on a dispensed droplet and did not know from 
where the charge is originated 5 ' 6 . 

If a pipette tip is left close to a droplet after dispensing it in oil, the droplet does not fall down but is pulled 
toward the tip (Figure la; Supplementary Video SI). When droplets are dispensed in oil consecutively, they do not 
coalesce but repel each other (Figure lb; Supplementary Video S2). When a droplet is dispensed near a metallic 
plate immersed in oil without electrical connections, the droplet is attracted to the plate (Supplementary Video 
S3). These observations can be explained by the electrostatic effect or the image charge effect and are consistent 
with the hypothesis that droplets dispensed by pipetting are electrically charged. 

In this paper, we report the electrification of the droplets dispensed from pipette tips. We examined how much 
charge a droplet acquires from the pipette tip. The amount of charge on the droplet was precisely measured using 
the Faraday cup (FC) methods or the droplet trajectory (DT) method, in which analysis of droplet motion was 
used to infer the charge on it. Parameters that affect the amount of the charge were determined; these include 
solution conditions such as pH and concentration of electrolytes, atmospheric humidity, and the coating material 
of pipette tip. Results suggest that the electrification of droplets by pipetting is caused by the ionization of surface 
chemical groups on the pipette tip. Finally, we discuss the implications of the present findings in scientific and 
engineering experiments. 



Results 

The existence and measurement of the charge of dispensed droplets from pipette tips. The existence of the 
charge of a droplet dispensed from a pipette tip can be simply confirmed by applying a uniform electric field to the 
droplet, which then shows electrophoretic motion. The polarity of the charge can be checked by changing 
the direction of the electric field. From the electrophoretic motion, the amount of the charge of the dispensed 
droplet can be measured using image analysis (Figure 2a) because the combination of gravity and the electric field 
cause the motion of the droplet to deviate from vertical (Figure 2a, inset; Supplementary Video S4). The charge 
can be estimated from the force balance between electric and hydrodynamic forces. The hydrodynamic drag force 
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Figure 1 | Simple experiments on the existence of a droplet charge, (a) Attractive force occurs between a pipette tip and a dispensed water droplet, (b) 
When a second droplet is dispensed, the repulsion between the two droplets prevents coalescence. 



of a droplet is calculated from its velocity and is decomposed to hori- 
zontal (F Dx ) and vertical (F Dy ) components. By equating the 
horizontal drag force (F Dx ) with the electric force (F E ), we can 
estimate the charge of a droplet. 

Results obtained using the DT method agreed well with those 
obtained using the FC method (Figure 2b,c). In this work, the DT 
method was primarily used due to the difficulties of transferring a 
small droplet from a pipette tips to the Faraday cup in air without 
leaving a residual droplet in the tip; the FC method was used when 
the DT method was inapplicable. 

The deionized water droplets dispensed from pipette tips had a 
large positive charge of ~ 10" 10 C (Figure 2c), which is comparable to 
the charge acquired by direct charging with an electrified electrode 
under electric field of 3 kV/cm 7 . The charge amount was positively 
correlated with the size of droplets (Figure 2c). Charge was also 
detected in various other aqueous droplets (electrolyte, buffer, acid 
and base, bio-macromolecule solution (DNA, protein, enzyme), cell 
suspension, coffee, fruit juice, and milk) (Supplementary Table SI). 

The origin of the charge. The charge amount was nearly propor- 
tional to the contact area A (calculation details in SI) with the inner 
surface of the pipette tip (Figure 3); this result suggests that the 
electrification of the droplets by pipetting is a surface- related 
phenomenon. 

The charge can develop during pipetting by at least two mechan- 
isms. The first is that static charge can accumulate on the pipette tip 
before aspirating the liquid. Pipette tips can hold a static charge due 
to various frictions encountered during delivery. If negative static 
charges develop on a pipette tip surface, more positive ions than 
negative ions are collected from the solution during aspiration to 
satisfy electrical neutrality. As a result, the solution inside the pipette 
tip develops a net positive charge which is transferred to the droplet 
dispensed from the tip. The second possible source of charge is 
electrification of the inside surface of pipette tips by contact with 
water due to ionization of surface groups 8 ' 9 . If a negative surface 
charge develops on the pipette tip surface due these mechanisms, a 
positively charged electrical double layer (EDL) would be created to 
maintain electrical neutrality 10 . Then, when the solution is dispensed 
as a droplet, the positive charge in the EDL can be carried away with 
the liquid and the negative charge can remain on the surface of the 
pipette tip. 

To clarify the mechanism by which pipetting electrifies dispensed 
droplets, the FC method was used to measure charges on a pipette tip 
and droplet during consecutive steps in the droplet dispensing pro- 
cess (Figure 4). A pipette tip itself had negative charge before fitting it 
to a pipette (Stage I), but the amount (~10" n C) was much smaller 
than that of the droplet (~10~ 10 C) dispensed from the pipette tip. 
The charges of the pipette and pipette tip after fitting (Stage II) and 



aspirating water (Stage III) were still smaller than that of the 
dispensed droplet, although the amount of the charge varied slightly; 
these differences mean that previously developed charge did 
not affect the electrification of the droplet much. Therefore, we 
conclude that static charge is not the main mechanism of droplet 
electrification. 

When the droplet was dispensed from the pipette tip, clear charge 
separation resulted (Stage IV). The amount of charge on the droplet 
was similar to that on the pipette tip (~10~ 10 C) but had opposite 
sign. This result corresponds to the expectation based on surface 
electrification due to ionization of surface groups. However, more 
experiments must be conducted to confirm that this is the electri- 
fication mechanism. 

To locate the charge when a pipette tip contains water, an electric 
field was applied inside the pipette tip (Figure 5a). A circulating flow 
resulted (Figure 5b; Supplementary Video S5) that is similar to elec- 
troosmotic flow in a closed microchannel 8 . Electroosmotic flow 
occurs due to surface charge at the interface between a solid and 
liquid. The flow pattern was similar to the result of the simplified 
numerical analysis (inset, Figure 5a) of the electroosmotic flow ori- 
ginating from ad hoc negative surface charge of the pipette tip. These 
results indicate that the pipette tip surface is negatively charged. 

The amount of the surface charge caused by ionization of surface 
groups is strongly affected by the pH of the electrolyte solution 8 ' 9,11 . 
To determine the effects of solution pH on the charge of a droplet, 
electrolytes were prepared to minimize effects caused by the type and 
concentration of the electrolyte solution. The pHs of potassium 
chloride (KC1) solutions were regulated using HC1 and KOH solu- 
tions of the same concentration as that of KC1 solutions. This enables 
preparation of solutions with various pHs without changing the 
types of major ions and the concentrations of the electrolyte solu- 
tions. The amount of charge showed strong pH dependence 
(Figure 5c). Furthermore, the pH dependence was very similar to 
that of general surface electrification. Generally, the negative charge 
developed on a surface increases with the pH of the solution 8,911 . This 
principle suggests that the negative charge on the inner surface of a 
pipette tip increases as the pH of the solution increases, and that as a 
consequence the positive charge in the water phase increases, as 
in the present experimental results. Together, these experimental 
results indicate that the main origin of the electrification of the drop- 
let during pipetting is the interfacial charge due to the ionization of 
the surface chemical groups on a pipette tip, rather than to frictional 
static charge which exists before aspiration. 

Other parameters affecting the amount of charge. Other para- 
meters also affected the amount of charge, including the concen- 
tration of electrolyte solution, the atmospheric humidity, and the 
coating material of pipette tip inner surface. 
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Figure 2 | Charge on water droplets dispensed from micropipettes. 

(a) Schematic of droplet trajectory method for measuring the charge and 
movement of a charged water droplet dispensed from a micropipette. F Dyj 
Fdx, Fe, and F g denote the vertical, horizontal components of the 
hydrodynamic drag force, the electric force, and the gravitational force, 
respectively. The charge is estimated from the droplet velocity. 

(b) Schematic of the Faraday cup method for measuring the charge. The 
Faraday cup is connected to an electrometer and the charge of a droplet is 
calculated by integrating the current induced in the cup. (c) Mean 
measured charge (n = 20, bars ± s.d.) of a deionized water droplet at 
applied voltage 0.3 to 0.7 kV, relative humidity (RH) 50% and pH = 7.4. 
Relative standard deviation (RSD) ranges from 7.2 to 14.2% for the DT 
method and from 6.7 to 17.2% for the Faraday cup method. Blue and green 
lines: maximum theoretical charge of a droplet when it contacts an 
electrified planar electrode under each electric field. 

Electrolyte concentration was negatively correlated with the 
charge of an electrolyte droplet (Figure 6a). The concentration effect 
on surface charge of the observed magnitude is unusual in surface 
chemistry because although the zeta potential is inversely propor- 
tional to the square root of concentration, surface charge density is 
not affected much by concentration 11 . 

To investigate the effect of the coating material of pipette tips 
(Figure 6b), the inner surface of a pipette tip was coated with various 
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Figure 3 | The relationship between the droplet charge Q and the contact 
area A with pipette tip inner surface. Q is almost proportional to A. (for 
the linear plot, the correlation coefficient is r = 0.98). 

hydrophobic materials such as polydimethylsiloxane (PDMS), 
Teflon (AF1600), and silane (Trichloro(3,3,3-trifluoropropyl)si- 
lane). 

Humidity had a relatively weak effect on droplet charge 
(Figure 6c). The droplets had slightly less charge when dispensed 
at RH = 30% than at RH = 50 and 70%, and the difference between 
50% and 70% cases was slight. This feature implies again that the 
static charge is not the main origin of the electrification of droplets 
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Figure 4 | Consecutive measurements of the charge during a droplet 
transferring process, (a) Schematic explanations on the transferring 
processes, (b) Measured charges of a pipette tip and a 7-uL deionized water 
droplet (RH = 50%). In stage IV, the measured charges of the droplet and 
the tip are of similar magnitude but opposite sign. 
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Figure 5 | Visualization of electroosmotic flow inside a pipette tip and the 
effect of pH on the charge of a droplet, (a) Numerical modeling of the 
electroosmotic flow (b) Electroosmotic flow visualization using 
fluorescent dye (Rhodamine 6G). AglAgCl electrodes were used to avoid 
electrolysis; distance between electrodes 18 mm; applied voltage 30 V. 
(c) Effects of pH on charges of 7-uL droplets (RH = 50%). 

because frictional electrification is usually higher at low humidity 
than at high humidity. 

These results for the effects of the parameters, the concentration of 
electrolyte solution, the atmospheric humidity, and the coating 
material of pipette tip inner surface, would be helpful information 
for pipette users. However, further research is needed to explain the 
reasons for the effects of the parameters. 

Discussion 

Results of the experiments suggest that the origin of the electrifica- 
tion of dispensed droplets from a pipette tip is surface charge caused 
by ionization of the surface chemical groups on a pipette tip. 
However, details of how the charge is transported have not yet been 
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Figure 6 | Effects of electrolyte concentration, coating material of pipette 
tip inner surface and RH on the charge of a droplet, (a) Effects of KCI 
concentrations (pH = 7.4, RH = 50%). (b) Effects of coating material of 
pipette tip inner surface (deionized water, dispensed volume = 7 uL, RH 
= 50%). The inner surface of a pipette tip was coated with various 
hydrophobic materials such as polydimethylsiloxane (PDMS), Teflon (AF 
1600) and silane (Trichloro(3,3,3-trifluoropropyl)silane). (c) Effects of 
RH (deionized water). 

discussed, especially the charge transport near the three-phase con- 
tact lines. During dispensing, charge separation between the pipette 
tip and the dispensed droplet occurs and an electrostatic attractive 
force would occur between the separated charges. This force would 
cause the charges in the water phase to be concentrated near the 
three-phase contact lines. The attractive force and charge density 
at the contact lines may increase during descent of the level of the 
liquid in the pipette tip, because of the increase of the amounts of the 
separated charges. This is an interesting feature of the present charge 
transport. Charge transport during pipetting can be regarded as 
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analogous to streaming current, i.e., the charge transport generated 
by pressure-driven flow in a pipe. However, in a streaming current, 
the surface charge is always screened by the following charge and is 
not exposed to air, so that the separated surface charges do not affect 
each other 10 . This difference leads us to consider the behavior of the 
charges at the contact lines. 

Here, the behavior of the charges in water phase has two possible 
explanations. First, the charges can be totally transferred with the 
liquid during dispensing. In electrolyte solutions, charges result 
from the imbalance of positive and negative ions. Because the ions 
are confined in the water phase, the charges can be transferred 
without residual charges during dispensing. Second, a portion of 
the charges may remain behind on the surface of the pipette tip; 
this can be due to the existence of liquid film and the strong inter- 
action between the separated charges. A liquid film is formed when 
a three-phase contact line is receding; thickness of this film is several 
tens of nanometers, which is comparable with the thickness of the 
EDL 12 ' 13 . Therefore, if a charged liquid film is formed during dis- 
pensing and is disconnected from the bulk of the liquid, the charge 
in the liquid film cannot transfer to the liquid droplet. Meanwhile, 
the strong interaction between the separated charges may cause a 
deformation of the menisci near the contact lines 14,15 . The deforma- 
tion may enhance the formation of the liquid film, electro - 
mechanically 13 . If the electrical interaction is strong enough to 
overcome capillary force, it can make the charge escape from the 
water phase as electrospray 16 . 

The magnitude of charge on the droplet was proportional to the 
contact area between the liquid and inner surface of the pipette tip 
(Figure 3). The separated surface charge density was calculated as 
—4.5 X 10" 6 C/m 2 for deionized water. To confirm whether the 
charges can be totally transferred during dispensing, the surface 
charge density of the inner surface of the pipette tip of before dis- 
pensing must be known. However, the surface charge density is 
difficult to measure by conventional methods such as the streaming 
current 17 and electroosmosis methods 18 due to the short length and 
tapered shape of the tips, so the surface charges of pipette tips before 
and after dispensing could not be measured. But the separated sur- 
face charge density is much smaller than the surface charge density of 
general materials like glasses, metal oxides, and fluoropolymers 
(order of 10" 2 ~ 10" 3 C/m 2 ) 19 21 . Thus, we presume that the charge 
in the EDL is partially transferred during dispensing. 

Although the charge may be partially transferred, the electrostatic 
interaction between the separated charges can affect pipetting. Small 
droplets are difficult to detach from the pipette tip during pipetting. 
Generally, this is thought to be due to the weak gravitational force 
compared with the capillary force between the droplet and the pip- 
ette tip. Here, we suggest that dispensing a small droplet is also 




Figure 7 | Exerted forces on the charged droplet hanging on the pipette 
tip. When the charged droplet is hanging on the pipette tip, capillary, 
electrostatic and gravitational forces are exerted on the charged droplet. 



affected by the electrostatic interaction between the separated 
charges. The electrostatic force on the droplet is in direction opposite 
to that of the gravitational force (Figure 7), so as electrostatic force 
acting on the droplet increases, detaching the droplet becomes more 
difficult. Therefore we performed experiments to investigate how 
much the electrostatic interaction affects the detachment. By chan- 
ging the pH of the solutions, the separated surface charge density was 
varied from 1.2 X 10" 6 to 5.6 X 10" 6 C/m 2 . The critical volume, at 
which the droplets start to detach spontaneously, increased as the 
separated surface charge density increased (Figure 8a); this result was 
confirmed by numerical analysis which considered the electrostatic 
interaction. 

For dispensing small droplets or solutions of high viscosity using a 
pipette, reverse pipetting, in which the sequence of operations in the 
pipetting process is reversed, is recommended 22 . Reverse pipetting 
reduced the charge to one-fourth of that obtained using forward 
pipetting when dispensing droplets of the same volume (Supple- 
mentary Table S2). This is thought to be due to the charge accumula- 
tion at the upper interface by the electrostatic interaction between the 
separated charges. The accumulated charge would be in the liquid 
which remained in the tip. This reduce of the droplet charge by 
reverse pipetting could be another reason for allowing us to dispense 
a small droplet more easily than in forward pipetting. 
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Figure 8 | Numerical simulation results to find the critical volume of a 
charged droplet, (a) Comparison of critical volumes obtained by 
numerical simulation and experiments, (b) Simulated result of the 
relationship between the volume of the charged droplet and the exerted net 
force (capillary + electrostatic - gravitational force) (KC1 0.01 M, RH = 
30%). 
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The effects of droplet charge can be important in experiments in 
which a pipette is used to dispense droplets. First, a charge on a 
droplet can decrease its surface tension. Because charges in electrolyte 
solutions repel each other, the charges on a droplet are distributed on 
the droplet surface. The repulsion between the charges on the surface 
of the droplet is opposed by its surface tension and effectively reduces 
the surface tension 23 . For a 7-uL deionized water droplet (RH = 
70%), the amount of charge was 2.1 X 10" 10 C. This charge amount 
reduces the surface tension of the droplet from 72 mN/m to 67 mN/ 
m 23 ; this difference of —7% might cause errors in experiments in 
which surface tension is important. Also, this charge effect on the 
surface tension can cause the instability of charged droplet 24 and 
Coulombic fission when droplets evaporated 25,26 . Second, the charge 
can also affect the chemical stability of emulsions due to interactions 
with charged molecules such as ionic surfactants 27 ' 28 and can influ- 
ence the combination and localization of charged bio -molecules such 
as proteins and DNAs 29 " 31 . 

In summary, we have reported the previously unrecognized elec- 
trification phenomenon of a dispensed droplet in conventional 
pipetting. The magnitude of droplet charge showed clear dependency 
on pH, concentration of electrolytes, and the coating material of 
pipette tip, and relatively weak dependency on atmospheric humid- 
ity. Contrary to common expectation, results suggest that this natural 
electrification of a droplet originates not from pre- developed charges 
on pipette tips but from the charge separation between a droplet and 
pipette tip surface. Because the present findings are unrecognized 
and undesired, the effects of this electrification phenomenon should 
be evaluated and discussed by researchers in various fields. 

Methods 

Charge measurement methods. The Faraday cup (FC) and droplet trajectory (DT) 
methods were used to measure the amount of charge. In the FC method, the charge 
was directly measured using a Faraday cup connected to an electrometer (Keithley 
Model 6517A). The Faraday cup was composed of two cylindrical electrodes 
separated by an insulator. When the charged droplet was dispensed into the inner 
electrode, to satisfy electric neutrality, the counter charge was transferred to the inner 
electrode from the electrometer. The total charge was measured by integrating the 
current from the electrometer 32 . In the DT method, charge was calculated from the 
trajectory of the droplet in dielectric oil. Freely falling droplets were dispensed using a 
pipette in silicone oil; they were deflected by an external uniform electric field applied 
between the two parallel planar electrodes placed 70 mm apart (Figure lb). This field 
was generated using a function generator (Agilent Model 33220A) and a voltage 
amplifier (Trek Model 610E). The pathways of the droplets were recorded using a 
camera (Canon EOS 500D with MP-65E macro lens) through a window located 
midway between the two electrodes; Labview™ was used to calculate the velocities of 
the droplets by image processing. The location of the window was fixed for all 
experiments to minimize the non-uniformity of electric field due to the fringe effect 
and the effect of image charge near the metal electrodes. The applied voltages are 
adjusted according to the size and the charge of the droplets to locate the pathway of 
the droplets in the window (Supplementary Table S3). The applied voltage did not 
affect the charge measurement (Supplementary Table S4). Using the Hadamard- 
Rybczynski solution for the drag force of a droplet, the charge of the droplet is 
estimated from force balance between the electrical and drag forces 33 . The two 
methods were performed selectively according to experimental cases. To reduce 
measurement error, the experiments were performed 8 or 20 times for each case. 
When the dependence of the parameters was measured (e.g., droplet volume, solution 
concentration and pH, only one rack (96 tips) of the pipette tips was used for each set 
of the experiments to minimize any effect due to the difference between racks of tips. 
Therefore, the experiments were conducted only 8 times for each condition. 

Preparation for accurate measurement. During the measurements, several factors 
should be considered to ensure accuracy. The movement of droplets can be affected 
by the static charge on surrounding objects like the acrylic chamber. Therefore, the 
number of objects located near the measurement system was minimized and the 
chamber was washed with isopropyl alcohol to remove the static charge of the 
chamber 34 . Electrokinetic effects of the oil and the aqueous solutions were minimized 
in the reservoir from which droplets were taken by pipetting. Because the oil also 
contains ions that can develop an EDL, the electrodes were frequently grounded to 
prevent it from reducing the electric field strength between the electrodes. The 
aqueous solution in the reservoir was also grounded because a charge of the opposite 
polarity can be accumulated by withdrawing charge from the reservoir during 
pipetting. The oil was replaced frequently to minimize any effects of contamination. 

Materials. Highly viscous silicone oil (Shin-Etsu, KF96 50 cSt) was used as the 
suspending medium to ensure that the falling velocity of the droplets was in the low 



Reynolds number regime. Deionized water or electrolyte solutions such as phosphate 
buffered saline, and NaCl or KC1 solutions were used as the droplet phase. The droplet 
volumes ranged from 2 to 10 uL, corresponding to diameters of 1.6 to 2.7 mm. When 
the effect of the pH of the solutions was investigated, HC1 and KOH solutions were 
used to regulate pH. Micropipette tips (1-10 uL) from three manufacturers were used 
to dispense droplets. 

Electroosmosis in pipette tips. To apply an electric field inside a pipette tip filled with 
electrolyte, Ag|AgCl electrodes, free from bubble formation, were used. One of the 
electrodes was pinned to the narrow end of the pipette tip and the other was placed at 
the center of the wide end of the pipette tip (Supplementary Figure SI a). To visualize 
the flow inside the pipette tip, a little Rhodamine 6G solution was injected through the 
open end of the tip. To minimize thermal effects on the flow, KC1 solution of low 
concentration was chosen because of its low electrical conductivity, and the applied 
voltage was <30 V. 

Numerical simulation (Supplementary Figure Sib) of the electroosmotic flow in 
micropipette tips was performed using commercial finite element software, 
COMSOL Multiphysics®. The Smoluchowski slip velocity condition 35 (Equation 1) 
was given to the inner surface of the pipette tip: 

Ua,— **, (1) 

where £ is the zeta potential of the pipette tip surface, E t is the tangential electric field 
strength, s is the electrical permittivity of the solution and \i is its viscosity. Values of 
E t and £ were chosen arbitrarily. Simulation results were compared qualitatively with 
experimental results. 

Charge effect on the detachment of droplets from pipette tips. To investigate the 
charge effect on pipetting itself, experiments were performed to find the critical 
volume at which a droplet drops naturally from a pipette tip. When the size of the 
droplet hanging on the pipette tip exceeds this volume, the droplet is detached by 
gravitational force which overcomes the combination of capillary force and 
electrostatic force. The electrostatic force is exerted between the charged droplet and 
an unlike-charged pipette tip. To vary the charge of the droplet, the pH dependence of 
the charge was exploited. The charges of the droplets from the solutions of different 
pH were measured before the experiments. The procedure of the experiment was as 
follows. The solution was aspirated from the reservoir to the pipette tip using a syringe 
pump (Harvard Apparatus, Pump 11 Elite). Then a great part of the solution was 
infused with fast dispensing speed (—10 uL/min) to avoid evaporation. The last 
moment of the infusing was controlled very slowly to minimize perturbation caused 
by injection pressure. The experiments were conducted 10 times for each droplet 
volume. The critical volume was determined as the minimum volume at which the 
droplet fell naturally more than 5 times, (i.e., in half of the performed experiments). 
The net force on the charged droplet (capillary + electrostatic - gravitational force) 
was calculated. To calculate the capillary force, the surface tension of the droplet was 
assumed to be 72 mN/m. The electrostatic force, F E , was numerically calculated using 
z-coordinate integration of the electrostatic force on the droplet. 

F E =^a s E z dS, (2) 

Where o s and E z are the surface charge density of the droplet and z- component of the 
electric field, respectively. 

Numerical simulation to evaluate the electrostatic force on the charged droplet was 
performed using commercial finite element software, COMSOL Multiphysics®. The 
surface charge density a 0 of the inner surface of the pipette tip was assumed to be 
constant. The values of the surface charge density were calculated from the experi- 
mental results. The electrical potential V Q of the droplet was adjusted to give the 
measured charge amount on the droplet. Ground conditions were applied to the outer 
boundaries, which are located far from the droplet. The numerical domain size, D, 
was set by considering the effect of the outer boundaries and the increasing numerical 
cost due to enlargement of the domain size (Supplementary Figure S2a, b). 
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